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Abstract
An accurate knowledge of nuclear parton distribution functions (nPDFs) is an essential ingredient
of high energy physics calculations when the processes are involving nuclei in the initial state. It
is well known now that the prompt photon production both in hadronic and nuclear collisions
is a powerful tool for exploring the parton densities in the nucleon and nuclei especially of the
gluon. In this work, we are going to perform a comprehensive study of the isolated prompt photon
production in p-Pb collisions at backward rapidities to find the best kinematic regions in which the
experimental measurements have most sensitivity to the nuclear modifications of parton densities.
Most emphasis will be placed on the antishadowing nuclear modification. To this aim, we calculate
and compare various quantities at different values of center-of-mass energy covered by the LHC
and also different rapidity regions to realize which one is most useful.
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I. INTRODUCTION
Besides the parton distribution functions (PDFs), whether unpolarized [1–11] or po-
larized [12–18], and fragmentation functions (FFs) [19–23], the nuclear modifications of
PDFs [24–31] are also important ingredients of high energy physics calculations, in particu-
lar, for processes involving nuclei in the initial state. In fact, without having nuclear PDFs
(nPDFs) which describe the structure of the colliding nuclei, the theoretical calculation of
the cross sections in any nuclear collision will not be possible. Thanks to the collinear fac-
torization theorem [32, 33], the nPDFs can be extracted just in a way similar to the PDFs
determination through a global analysis of nuclear experimental data. Nowadays, due to
many developments achieved in the phenomenological approaches, theoretical calculations
and experimental measurements, the PDFs are well determined in a wide range of the mo-
mentum fraction x. However, the situation is not very satisfying for the case of nPDFs
because of the lack of experimental data.
Although the main experimental data for constraining nPDFs come from the old fixed-
target deep inelastic scattering (DIS) and proton-nucleus Drell-Yan (DY) dilepton produc-
tion experiments, there are some analyses in which the neutrino DIS data have also been
used [25, 27, 30]. Furthermore, the inclusive pion production from d-Au collisions at RHIC
that can be considered as another source to put further constraints on the nuclear gluon
distribution is usually used in the nPDFs analyses [26–28, 30]. Recently, EPPS16 [30] has
also included, for the first time, the fixed-target DY data in pion-nucleus collisions and new
LHC proton-lead (p-Pb) data on dijet and heavy gauge-boson production. There are also
some studies show that important information about nPDFs can be achieved by analyzing
the prompt photon production in nuclear collisions [34–39], jet and dijet photoproduction
measurements at a future electron-ion collider (EIC) [40, 41], single inclusive jet production
at very forward rapidity [42], and heavy-flavor production in p-Pb collisions [43].
The main reason for such efforts to include more accurate experimental data as much as
possible in the global analysis of nPDFs is to achieve more valid nuclear modifications of
PDFs with less uncertainties. In fact, most of experimental data that are used in the nPDFs
analyses can just put well constraints on the quark nuclear modifications at fairly large values
of x, while the sea quarks and gluon distributions cannot be controlled as well, especially at
smaller values of x. Actually, the limited kinematic reach of data leads to a crucial difference
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between the results obtained by various groups for the gluon nuclear modifications and also
their uncertainties. Therefore, since the common constraint of nuclear gluon distribution
that comes from the DGLAP evolution at higher order of perturbation theory is not enough
to make accurate theoretical predictions of the physical observables, the inclusion of the
experimental data that are directly sensitive to the gluon density in the nPDFs analysis is
inevitable.
It is well known now that the direct photon production in hadronic collisions is one of the
excellent tools for studding the large momentum transfer processes [44–48] and then testing
the perturbative Quantum Chromodynamics (pQCD), since photons couple in a point-like
fashion to the quark constituents of the colliding hadrons. The direct photon production is
also recognized as a useful tool [49] for studding the whole time evolution and dynamics of
the deconfined, strongly interacting matter namely the quark gluon plasma (QGP) [50, 51]
created in heavy-ion collisions. It is worth noting in this context that in nucleus-nucleus
collisions, direct photon production contains two kinds of photons: thermal photons and
prompt photons [52]. The first ones have a thermal origin and the second ones come from
cold processes. By definition, the prompt photons do not include the photons coming from
the decays of hadrons such as pi0, η produced in the collision. The measurement of the
prompt photon production in hadronic collisions can bring very useful information of gluon
PDFs [53–57] and, as mentioned before, the gluon nuclear modifications [34–39] in the case
of nuclear collisions. Such measurements have another advantages in various areas of the
high energy physics, for example for searching the intrinsic heavy quark components of the
nucleon if photons are associated with a heavy quark [58, 59]. Another important point
should be mentioned is that in order to reject the background of photons that are not
considered as prompt photons, an isolation criterion is usually used.
In view of the experimental efforts, there are various measurements of direct photon pro-
duction in heavy-ion collisions by different collaborations. For example, on can refer to the
PHENIX Collaboration measurements in Au-Au [60–63] and d-Au [64] collisions at RHIC
and center-of-mass energy of
√
s = 200 GeV, and also the ALICE Collaboration measure-
ments [65, 66] at the LHC from Pb-Pb collisions at
√
s = 2.76 TeV. For the case of isolated
prompt photon production in Pb-Pb collisions, there are also some measurements by the
ATLAS [67] and CMS [68] Collaborations at
√
s = 2.76 TeV. Despite all these experimental
efforts, another kind of measurements that is very important for achieving accurate informa-
3
tion of the gluon nuclear modifications is the measurement of the prompt photon production
in p-A collisions especially at higher values of the center-of-mass energy and forward rapidi-
ties [39]. Recently, the ALICE Collaboration has reported the measurement of inclusive
production cross section for isolated prompt photons in p-Pb collisions at
√
s = 8.16 TeV
as a function of photon transverse energy from 25 to 500 GeV and over nearly five units of
pseudorapidity [69].
In this work, we are going to perform a comprehensive study of the isolated prompt
photon production in p-Pb collisions at different values of center-of-mass energy covered
by the LHC and also different rapidity regions. Since the study of the shadowing nuclear
modification of parton densities through the prompt photon production at the LHC has
been previously done in some papers, in the present study more emphasis will be placed on
the antishadowing nuclear modification. In fact, the main goal of this work is finding the
best kinematic regions in which the measurement of the isolated prompt photon production
in p-Pb collisions has most sensitivity to the antishadowing area and then is more useful to
constrain the antishadowing nuclear modification of the gluon distribution.
The contents of the present paper are as follows. In Sec. II, we discuss the nuclear modi-
fications of PDFs with emphasis on gluon nuclear modification for Pb-nucleus and compare
predictions of various phenomenological groups at factorization scales corresponding to en-
ergies covered by the LHC. Our framework and anything needed to calculate the isolated
prompt photon production cross sections and other related quantities is briefly described in
Sec. III. Sec. IV is devoted to study the isolated prompt photon production in p-Pb collision
at different values of center-of-mass energy and different rapidity regions to find the best
kinematic regions for constraining the antishadowing nuclear modification of gluon PDF.
In this regard, various quantities, including the nuclear modification ratio, the rapidity and
energy normalized nuclear modification ratios, and the ratio of nuclear cross sections for
different rapidity regions and also different energies, are calculated and compared with each
other to realize which one is most useful. We also present a comparison between the predic-
tions obtained from various nPDFs and study the uncertainties due to scale variations and
nPDFs. Finally, we summarize our results and conclusions in Sec. V.
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II. THE NUCLEAR MODIFICATIONS OF PARTON DENSITIES
As mentioned in the Introduction, in order to calculate any cross section of the particles
production in high energy nuclear collisions, it is necessary to have accurate nPDFs which
describe the structure of the colliding nuclei. The determination of the nuclear modifications
of parton densities usually has a similar procedure to the case of PDFs of free nucleon that
is performing a QCD global analysis of nuclear experimental data [24–31]. Regardless of this
fact that the determination of nPDFs with a precision similar to the PDFs is not possible
at the present due to the lake of nuclear experimental data, the different phenomenological
approaches used by various groups to extract the nuclear modifications of parton densities
have led to some considerable differences in the results obtained, both in behavior and uncer-
tainty, especially for the case of gluon and sea quarks nuclear modifications. The differences
between the nPDFs from various phenomenological groups, in turn, can lead to the different
results for the theoretical predictions of the physical observables. Therefore, in inverse, the
accurate measurements of some particle production cross sections in nuclear collisions can
bring us new useful information to judge about the behavior of nuclear modifications in
different kinematic regions and also decrease their uncertainties. The measurements of the
prompt photon production is one of the most useful ones to obtain information about the
gluon nuclear modifications [34–39], since the gluon directly contribute to it through the
Compton scattering q(q¯)g → γq(q¯) subprocesses at the Born-level.
From past to present, several QCD global analyses of nPDFs have been done which are
different from various aspects such as the amount and kind of the experimental data included,
the perturbative order of the analysis, the parametrization of the nuclear modifications, the
method for calculating uncertainties and treatment of the heavy quark masses (for review
see Refs. [39, 70]). In most of the analyses performed so far, like the HKN07 [24], EPS09 [26],
DSSZ [27], KA15 [29] and EPPS16 [30] analyses, the bound-proton PDFs have been defined
in terms of nuclear modification factors RAi that characterize the relation of the PDFs of a
proton inside a nucleus with atomic number A, f
p/A
i , with respect to free-proton PDFs f
p
i ,
RAi (x,Q
2) ≡ f
p/A
i (x,Q
2)
f pi (x,Q
2)
. (1)
In this approach, for determining the nuclear modifications one needs to fix the free-proton
PDFs form an analysis already performed on the nucleon experimental data [1–11]. However,
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there is another approach in which the nPDFs are parametrised directly as a function of
x at the starting scale Q20 without any factorisation into a nuclear modification factor and
free-proton PDFs. In this approach that has been used by the nCTEQ group [25, 28], the
A-dependence of nPDFs is introduced in the coefficients of their functional form.
A comparison between nuclear modifications of the gluon PDF in a Pb-nucleus with their
uncertainties from the nCTEQ15 [28] (blue solid), EPS09 [26] (red dashed), DSSZ [27] (green
dashed-dotted) and HKN07 [24] (pink dotted) has been shown in Fig. 1. The comparison
has been made for two different scales Q2 =1000 (top panel) and 10000 (bottom panel)
GeV2 which are covered by the LHC energies. As can clearly seen, almost in whole values
of x, there are considerable differences between the results of various groups in both best
fits and uncertainties. Overall, the nuclear modification of parton densities, in terms of x,
is usually divided to four areas, namely, the shadowing, antishadowing, EMC effect and
Fermi motion [70]. The antishadowing area, that is the favorite case of the present study,
is attributed to an enhancement in RAi around x ∼ 0.1. The decreasing areas before and
after it are named as shadowing and EMC effect. There is another increasing area at very
large values of x which is referred to Fermi motion. For the case of nCTEQ15, we see some
stronger shadowing, antishadowing and EMC effect in gluon nuclear modification compared
to other groups that makes it a favorite case to use for studding in this subject. Note also
that the nCTEQ15 prediction has wider uncertainty than other groups in all values of x.
Focusing on the antishadowing area, one can see that the EPS09 has a similar treatment to
nCTEQ15 but somewhat softer. The DSSZ dose not show any remarkable antishadowing
nuclear modification in gluon density and for the case of HKN07, it appears at some larger
values of x in analogy to the nCTEQ15 and EPS09. Accordingly, one can easily conclude
that such differences can lead to different results for predictions of any process at nuclear
collisions which is sensitive to antishadowing nuclear modification of the gluon density.
In the prompt photon production at the LHC, RHIC or any hadron collider, various x
regions can be explored in the PDFs of target and projectile according to following approx-
imate relation
x1,2 ≈ 2pT√
s
e±η, (2)
which clearly depends on the center-of-mass energy
√
s of collision, and also the transverse
momentum pT and pseudorapidity η of photons. According to Eq. 2, for the case of p-Pb
collisions at LHC with high values of
√
s, we can only investigate the antishadowing nuclear
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modification at backward rapidities. Actually, at forward rapidities, the smaller values of
x2 can be probed which are related to the shadowing area as studied before [34–39]. In this
work, we are looking for the best kinematic regions in which the isolated prompt photon
production at the LHC p-Pb collisions has most sensitivity to the antishadowing nuclear
modification and then more potential to constrain it.
III. THE FRAMEWORK OF THE CALCULATIONS
As seen in the previous section, the gluon nuclear modifications extracted by various
phenomenological groups have major differences almost in all regions of the momentum
fraction x. This fact can lead to the different results for any physical observable which is
dependent on the nPDFs. As mentioned before, in this work we are going to use the isolated
prompt photon production in p-Pb collisions at the LHC as a useful tool for investigating
the gluon nuclear modifications, in order to find the best kinematic regions that have the
most sensitivity to the antishadowing area. In this section, we briefly discuss the framework
of the calculation of the cross sections.
The prompt photon production has been an interesting subject of research more than
three decades [34–39, 44–48, 53–57, 71–88]. The prompt photons (those arise from processes
during the collision not those produced from the decay of hadrons) consist of two types of
photons: direct and fragmentation photons. The conceptual difference of the direct and
fragmentation photons is related to their production procedure. Actually, direct photons
are produced directly from initial hard scattering processes of the colliding quarks or glu-
ons, while fragmentation photons are produced from the fragmentation of high-pT quarks
and gluons which themselves have already produced during the hard collisions (for more
information see, for example, Refs. [48, 77]). The theoretical calculations of the direct and
fragmentation components can be performed completely separate so that the prompt photon
production cross section in hadronic collisions can be written as follows:
dσγ+Xh1h2 = dσ
D γ+X
h1h2
+ dσF γ+Xh1h2 , (3)
where D and F refer to the direct and fragmentation parts, respectively. Note that the
notation X is introduced to indicate the inclusive nature of the cross section. The cross
section of the prompt photon production at hadronic collisions can be calculated through
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some computer codes such as JetPhox [48, 77, 78] and PeTeR [89] up to NLO. The next-
to-next-to leading order (NNLO) calculations of the direct photon production have also been
presented recently [88]. In the present study, we use JetPhox for performing all calculations
which is a Monte Carlo program written as a partonic event generator for the prediction of
processes with photons in the final state, and has also various facilities, for example using
different procedures for isolating photons as we discuss in the following.
One of the important points should be considered in the calculation of the cross section of
Eq. (3) is the values of the renormalization µ, (initial state) factorizationM , and fragmenta-
tion MF scales. The renormalization and factorization scales appear both in the direct and
fragmentation components of the cross section, but the fragmentation scale appears only in
the fragmentation part. Overall, due to scale variations, one can consider some uncertain-
ties in theoretically calculated results (for more information about the scale uncertainties
in the prompt photon production in hadronic collisions see, for example, Ref. [87]). In all
calculations which are presented in the next section, the renormalization, factorization and
fragmentation scales are set to the photon transverse momentum µ = M = MF = p
γ
T,
except the last subsection in which we study the uncertainties due to scale variations. To
calculate the cross section of Eq. (3) one also needs to use the free-proton PDFs and FFs of
the photons. Actually, the PDFs are used for calculating both the direct and fragmentation
components, but the FFs are only used in the calculation of the fragmentation component.
On the other hand, if we are interested to the proton-nucleus or nucleus-nucleus collisions,
we need also the nuclear modification of PDFs for each nucleus contributing in the collision.
In this work, we use the set II of the NLO Bourhis-Fontannaz-Guillet (BFG) FFs of pho-
tons [90] and the NLO PDF stes of CT14 [5] with αs(MZ) = 0.118 by virtue of the LHAPDF
package [91]. For the nuclear modification of PDFs, we choose the nCTEQ15 nPDFs [28]
that show stronger shadowing, antishadowing and EMC effect nuclear modifications accord-
ing to Fig. 1. However, in the end of next section, we also present a comparison between
the nCTEQ15, EPS09 [26], DSSZ [27] and HKN07 [24] predictions.
At hadronic collisions, different subprocesses are contributing to the prompt photon pro-
duction. In the case of LO approximation, they are the quark-gluon Compton scatter-
ing q(q¯)g → γq(q¯) and quark-antiquark annihilation qq¯ → γg which both are Born-level
subprocesses. At NLO, the situation is some more complicated, since in addition to the
q(q¯)g → γgq(q¯) and qq¯ → γgg, there are some subprocesses from the virtual corrections
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to the Born-level processes. However, because of the point-like coupling of the photon to
quarks, such a calculation is more easier than other processes [44, 71, 76]. It is worth point-
ing out that at pp colliders such as LHC and RHIC, the qq¯ annihilation channel is suppressed
compared to the other subprocesses. This is the main reason for this fact that the prompt
photon production at the LHC provides direct information on the gluon distribution, espe-
cially at smaller values of x, because it is dominant rather than sea quarks at this region.
The qq¯ channel becomes more important at the Tevatron that is a pp¯ collider [55]. Another
points should be mentioned, according to Eq 2, is that the photon production at the LHC
probes values of x that are considerably smaller than at the Tevatron. In the present study,
we include all diagrams up to LO and NLO order of QED and QCD coupling, respectively,
defined in the MS renormalization scheme for calculating the prompt photon production
cross section. Note also that the fine-structure constant (αEM) is set to 1/137.
In the experimental view, if we are interested to measure the prompt photon production
inclusively, the background of secondary photons coming from the decays of hadrons such
as pi0, η should be well rejected, since they are not prompt photons by definition. The
best idea for doing it is imposing an isolation criterion for photons. Although there are
different isolation criteria can be used to isolate photons [77, 92–95], the most used is the
cone criterion [77] which is implementable also at the partonic level. The cone isolation
criterion considers a photon as an isolated photon if, inside a cone of radius R which is
defined as (y − yγ)2 + (φ− φγ)2 ≤ R2 in terms of rapidity y and azimuthal angle φ around
the photon direction, the amount of hadronic transverse energy EhadT is smaller than some
value E maxT :
EhadT ≤ E maxT . (4)
The value of R is usually set to R = 0.4 in the experimental analyses of isolated prompt
photon production [68, 69, 96–99]. However, EhadT is considered both as a fixed value or a
fixed fraction of the transverse momentum of the photon pγT and a function of p
γ
T. It should
be also noted that the photon isolation significantly reduces the fragmentation components
of the prompt photon cross section, since the isolation cut discards the prompt photon events
that have too much hadronic activity around the photon [77]. In all calculations which are
presented in this paper, we use a tighter isolation cut, EhadT < 2, with R = 0.4.
Another point should be considered is the theoretical uncertainties in the results with
respect to the various sources including the PDFs, nPDFs, scales and FFs uncertainties.
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For more information about the impact of these sources on the uncertainties of the prompt
photon production cross section at the LHC, one can refer, for example, to Ref. [39]. It
can be shown that the dominant source of theoretical uncertainty is that arising from the
scale uncertainties and the uncertainty due to free-proton PDFs and FFs uncertainties can
be ignored compared to the nPDFs uncertainties. Although our main goal is performing a
comprehensive study of the isolated prompt photon production in p-Pb collisions to find the
best kinematic regions for constraining the antishadowing nuclear modifications of PDFs,
we study in the next section the nPDFs uncertainties using the nCTEQ15 [28] nPDFs, in
addition to scale uncertainties.
It is well know now that the minimum bias nuclear modification ratio is a very useful
quantity for studding the nuclear modifications of parton densities [37–39]. It is defined as
the ratio of the cross section of collisions containing nucleus to the cross section of pure
proton-proton collisions. For the case of prompt photon production in p-Pb collisions we
have,
RγpPb ≡
dσ/dpT(p+Pb→ γ +X)
208× dσ/dpT(p+ p→ γ +X) . (5)
Such a quantity is clearly more sensitive to the nuclear modifications of PDFs. Moreover,
many sources of theoretical and experimental uncertainties are canceled to a large extent in
the calculation and measurement of nuclear modification ratio RγpPb. In theoretical side, we
can refer to the PDFs, FFs and scales uncertainties, since there are both in numerator and
denominator. Actually, the main source of theoretical uncertainty in RγpPb comes from the
nPDFs uncertainties. Another point should be considered is that RγpPb is not normalized to
1 when no nuclear modifications in the parton densities are assumed because of the isospin
effect. In the next section, we begin our study by calculating the nuclear modification ratio
for isolated prompt photon production in p-Pb collisions at different values of center-of-mass
energy. Then, we introduce and calculate another possible quantities which can be useful
for investigating the nuclear modifications of PDFs.
IV. STUDY OF ISOLATED PROMPT PHOTON PRODUCTION AT THE LHC
After introducing the framework of the calculations, we are now in position to calculate
the isolated prompt photon production in p-Pb collisions in order to investigate the nuclear
modifications of parton densities, especially of the gluon. As mentioned before, we are
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looking for the best kinematic regions in which the measurement of the isolated prompt
photon production in p-Pb collisions has most sensitivity to the antishadowing area. To this
aim, in the following subsections, we calculate and compare various quantities, including the
nuclear modification ratio, the rapidity and energy normalized nuclear modification ratios,
and the ratio of nuclear cross sections for different rapidity regions and also different energies
to realize which one is most useful.
A. Nuclear modification ratio at backward rapidities
As a first step, we calculate the nuclear modification ratio RγpPb defined in Eq. 5 for p-Pb
collisions at
√
s = 2.76 TeV. As mentioned before, at such energies and higher ones, it is not
possible to investigate the antishadowing nuclear modification at forward rapidities since
according to Eq. 2, the cross section is sensitive to parton densities of target at smaller
momentum fraction x2.
Fig. 2 shows the results obtained as a function of photon transverse momentum pγT at five
different (pseudo)rapidity regions in backward interval −5 < ηγ < 0. In each panel, we have
shown both the calculation with no nuclear modifications in the PDFs which indicates only
the isospin effect (blue dashed curve) and the calculation obtained using the nCTEQ15 [28]
nuclear modifications (red solid curve) in order to separate the genuine nuclear effects from
the sheer isospin effect. According to results obtained for
√
s = 2.76 TeV, as the absolute
value of rapidity increases in backward region, the nuclear modification ratio RγpPb moves
from the shadowing area to antishadowing and then the EMC effect. It can be clearly
seen that the best kinematic regions for constraining antishadowing nuclear modification
are −2 < ηγ < −1 and −3 < ηγ < −2, in which the nCTEQ15 prediction places above
the isospin baseline almost in most areas of the pγT spectrum. To be more precise, at some
values of pγT, the difference between the isospin baseline and nCTEQ15 prediction even
reaches 20%. It should be noted that the antishadowing nuclear modification can also be
investigated from −1 < ηγ < −0 and −3 < ηγ < −4 regions at larger and smaller values of
pγT, respectively, but not so well as the case of −2 < ηγ < −1 and −3 < ηγ < −2 regions.
Fig. 3 shows the same results as Fig. 2, but for the center-of-mass energy of
√
s = 5.02
TeV. As one can see, when the value of
√
s increases, the cross section and then the nuclear
modification ratio RγpPb tends to smaller values of x. Therefore, compared to the previous
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case, moving from the shadowing area towards antishadowing and EMC effect happens
somewhat later as the absolute value of rapidity increases. In this case, the best kinematic
regions for constraining antishadowing nuclear modification are −3 < ηγ < −2 and −4 <
ηγ < −3.
The corresponding results for
√
s = 8.8 TeV have been shown in Fig. 4. This figure
clearly indicates that the best kinematic regions for constraining antishadowing nuclear
modification at such higher energies are again −3 < ηγ < −2 and −4 < ηγ < −3, just
like the case of
√
s = 5.02 TeV. However, the difference between the isospin baseline and
nCTEQ15 prediction in these regions has decreased at
√
s = 8.8 TeV in comparison with the
obtained results at
√
s = 5.02 TeV. Overall, by comparing the three Figs. 2, 3 and 4, we can
conclude that, among center-of-mass energies considered here, the best one for constraining
antishadowing nuclear modification in backward regions is
√
s = 2.76 TeV. Furthermore, at
this energy, among different kinematic regions of photon pseudorapidity, the best regions
are −2 < ηγ < −1 and −3 < ηγ < −2.
B. Rapidity normalized distributions
As mentioned before, the main advantages of quantity RγpPb introduced in Eq. 5 are its
sensitivity to nuclear modifications of parton densities and also some cancellations of the
theoretical and experimental uncertainties. However, looking for similar quantities with
more benefits is really of interest. It has been indicated that the ratio of distributions for
different rapidity regions can be a good option [87]. In Refs. [100, 101], the authors showed
that using rapidity normalized cross section data from heavy flavor production at LHCb
rather than the absolute measurements in a QCD global analysis of PDFs can reduce the
scale dependence of the theoretical predictions and then the uncertainties in resulting PDFs.
In this section, we are going to examine the possibility of using such quantities to constrain
nuclear modifications of PDFs, specially the antishadowing one in our case of study.
According to what mentioned above, as the first examination we normalize the results
obtained for RγpPb in Figs. 2, 3 and 4 to the corresponding results of the first rapidity bin
−1 < ηγ < 0. To be more precise, we define and calculate the rapidity normalized nuclear
modification ratio
Rγη,i ≡
RγpPb |ηi
RγpPb |η1
, (6)
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in which, ηi where i = 2, 3, 4, 5, indicate the rapidity bins −2 < ηγ < −1, −3 < ηγ < −2,
−4 < ηγ < −3 and −5 < ηγ < −4, respectively, and η1 is corresponding to bin −1 < ηγ < 0.
The results obtained for different values of center-of-mass energy of
√
s = 2.76, 5.02 and
8.8 TeV have been shown in Figs. 5, 6 and 7, respectively. As can be seen from these figures,
there are also some kinematic regions in which the quantity Rγη defined in Eq. 6 is sensitive
to antishadowing nuclear modification. Totally, we can say that the best kinematic regions
for constraining antishadowing nuclear modification using the quantity Rγη are η2/η1 for√
s = 2.76 TeV, and also η3/η1 and η4/η1 for
√
s = 5.02 and 8.8 TeV. For the case of
√
s = 8.8
TeV, the last panel, in which the nuclear modification ratio RγpPb for −5 < ηγ < −4 has been
dived to the one for −1 < ηγ < 0, can be also a good option if we consider the smaller values
of pγT. Another point can be noted is that as the value of center-of-mass energy increases,
Rγη shows somewhat more sensitivity to antishadowing nuclear modification. Moreover, note
that for the case of
√
s = 2.76 TeV, the last panel shows a good sensitivity to the EMC
effect nuclear modification. Then, measuring the quantity Rγη in such kinematic region can
also be useful for constraining the EMC effect nuclear modification.
Although the rapidity normalized nuclear modification ratio Rγη can also be used phe-
nomenologically for investigating the antishadowing nuclear modification according to results
obtained, but it is somewhat complicated experimentally compared to usual nuclear mod-
ification ratio RγpPb. Actually, Rγη includes two quantities which are expressed in turn as
the ratio of cross sections. However, more precisely on this quantity, we find that it can be
rewritten as
Rγη,i ≡
RγpPb |ηi
RγpPb |η1
=
dσ/dpT |pPbηi
dσ/dpT |pPbη1
× dσ/dpT |
pp
η1
dσ/dpT |ppηi
. (7)
It is observed that the second fraction on the right side of Eq. 7 doesn’t include any nuclear
modification of PDFs and acts as a factor for the first fraction which includes nuclear mod-
ifications both in numerator and denominator. This fact suggests that we can consider the
first fraction as a new quantity for exploring the nuclear modification of PDFs. Then, we
define the ratio of nuclear cross sections for different rapidity regions as
Rγη,i ≡
dσ/dpT |pPbηi
dσ/dpT |pPbη1
, (8)
where the explanation of indexes is as before. Note that since the nuclear cross sections in
numerator and denominator of Eq. 8 are corresponding to different rapidity regions, Rγη can
be totally sensitive to the nuclear modification of PDFs, though some dependencies may be
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neutralized. The main advantage of Rγη is that it dose not require a pp baseline measurement
with the same
√
s that is really an important issue. Actually, in terms of nature, it is like to
the yield asymmetry between the forward and backward rapidities Y asympPb that its usefulness
for constraining nuclear PDFs has previously been established [38, 39, 102].
The results obtained for Rγη have been shown in Figs. 8, 9 and 10 for different values
of center-of-mass energy of
√
s = 2.76, 5.02 and 8.8 TeV, respectively. Some interesting
conclusions can be achieved from this figures and also by comparing them to the results
obtained for Rγη in Figs. 5, 6 and 7. First of all, focusing on each result obtained for Rγη
at various energies, we find that the sensitivity of this quantity to antishadowing nuclear
modification is decreased as the bins with higher value of absolute rapidity are considered
in numerator of Rγη . Moreover, as p
γ
T increases, R
γ
η moves towards the isospin baseline
which means that the nuclear modifications in numerator and denominator of Rγη have
neutralized each other. By comparing Rγη and Rγη results, one can conclude that they have
almost similar behavior, but the curves in Rγη have shifted downward. This fact indicates
that the pp fraction on the right side of Eq. 7 really acts as a factor. Overall, in this
case, the best kinematic regions for constraining antishadowing nuclear modification are
η2/η1 for
√
s = 2.76 TeV, and also η3/η1 and η4/η1 for
√
s = 5.02 and 8.8 TeV. Another
interesting point can be concluded is that the sensitivity of Rγη to the antishadowing nuclear
modification is almost the same size of Rγη . Therefore, it can be confirmed that measuring
Rγη for investigating the antishadowing area is experimentally preferable rather than Rγη
since there is no need to measure the pp cross sections with the same
√
s.
C. Energy normalized distributions
Looking for a quantity with more sensitivity to antishadowing nuclear modification which
has the same benefits as before (for example, overall cancellations of the theoretical and
experimental uncertainties), in this section we investigate the idea of using the energy nor-
malized distributions. In Ref. [101], the authors investigated the impact of forward charm
production data from the LHCb measurements at different center-of-mass energies 5, 7, and
13 TeV on the NNPDF3.0 PDFs [2] and demonstrated that including the cross section ra-
tios between data at different energies in the analysis leads to a reduction in uncertainty of
gluon PDF. Following this idea, as a first step, we normalize the results obtained for RγpPb in
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Figs. 3 and 4 at
√
s = 5.02 and 8.8 TeV, respectively, to the corresponding results obtained
at
√
s = 2.76 TeV in Fig. 2 for each rapidity bin, separately. To be more precise, we define
and calculate the energy normalized nuclear modification ratio
Rγs,i ≡
RγpPb |si
RγpPb |s1
, (9)
in which, si, where i = 1, 2, indicate different center-of-mass energies 5.02 and 8.8 TeV,
respectively, and s1 is corresponding to
√
s= 2.76 TeV.
The results obtained forRγs,1 andRγs,2 have been shown in Figs. 11 and 12, respectively. As
can be seen, in both cases, the quantity Rγs is sensitive to the shadowing nuclear modification
at regions with smaller values of absolute rapidity. However, as the rapidity increases in
backward direction, Rγs becomes more sensitive to the antishadowing nuclear modification.
To be more precise, in both cases, only last two panels can be useful for constraining the
antishadowing nuclear modification. Comparing two Figs. 11 and 12, one can also conclude
that with increasing energy in numerator of Eq. 9, the sensitivity of Rγs to the shadowing
nuclear modification at smaller values of absolute rapidity, and also its sensitivity to the
antishadowing nuclear modification at larger values of absolute rapidity are both intensified.
A very interesting point is that forRγs,2 at rapidity bin −5 < ηγ < −4, the difference between
the nCTEQ15 prediction and isospin baseline even reaches over 25% which is significant
compared to previous considered quantities.
Since the energy normalized nuclear modification ratio Rγs , just like the case of rapidity
normalized nuclear modification ratio Rγη (see Eq. 7), can be written as a product of two
ratios (one containing nuclear cross sections and another without including any nuclear
modification), we can remove the pp baseline and define the ratio of nuclear cross sections
at different energies as
Rγs,i ≡
dσ/dpT |pPbsi
dσ/dpT |pPbs1
, (10)
where the explanation of indexes is as before. However, according to the results obtained
for Rγs , we expect to see some sensitivity to the antishadowing nuclear modification only at
higher values of rapidity in backward direction.
The results obtained for Rγs,1 and R
γ
s,2 have been shown in Figs. 13 and 14, respectively.
Just like the case ofRγs , at regions with smaller values of absolute rapidity, the quantities Rγs,1
and Rγs,2 are sensitive to the shadowing nuclear modification and can be used for constraining
gluon nPDF which is poorly known at this area. However, as the value of absolute rapidity
15
increases, the spectrum moves towards the isospin baseline and finally some sensitivities
to antishadowing nuclear modification are appeared at two rapidity bins −4 < ηγ < −3
and −5 < ηγ < −4. Note that unlike Rγs , the ratio of nuclear cross sections at different
energies Rγs follows an exponential behavior as the value of absolute rapidity is increased.
This fact shows that the ratio of pp cross sections at different energies (in reverse) balances
the overall amount of Rγs , so that it remains almost around unity (see Figs. 11 and 12).
Comparing the results obtained for Rγs,1 and R
γ
s,2, we see that they are similar to a large
extent in behavior, though their magnitudes are quite different as expected. Overall, we can
conclude that the measurement of Rγs in backward direction and at higher values of absolute
rapidity and transverse momentum can be very useful for constraining antishadowing nuclear
modifications of parton densities especially of the gluon. Moreover, its measurements is
experimentally preferable rather than Rγs , since there is no need to measure the pp cross
sections with the same
√
s.
D. Theoretical uncertainties
In the previous subsection, we examined various observables to find the best kinematic
regions in which the measurement of the isolated prompt photon production in p-Pb collisions
at the LHC has most sensitivity to the antishadowing area. In all calculations performed so
far, we used only nCTEQ15 nPDFs which have stronger antishadowing nuclear modifications
compared with EPS09 [26], DSSZ [27] and HKN07 [24] nPDFs according to Fig. 1. Note
also that nCTEQ15 has greatest uncertainties in comparison with other groups. As a last
step, we are going now to present a comparison between various nPDFs and also study the
theoretical uncertainties in the results due to the nPDFs uncertainties and scale variations.
To this aim, we choose the third panel of Fig. 10 in which the ratio of nuclear cross sections
for different rapidity regions (η4/η1) R
γ
η defined in Eq. 8 has been plotted as a function of
pγT at
√
s = 8.8 TeV. As mentioned before, such an observable has an advantage to cancel
some experimental and theoretical uncertainties and also no need to measure the pp baseline.
Note that the theoretical uncertainties of nCTEQ15 nPDFs in any physical quantity such
as the cross section, can be calculated as usual using the 32 error sets of the nCTEQ15
parametrisation (see Ref. [39]).
The results obtained have been shown in Fig 15 where the solid, dotted-dashed, dotted-
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dashed-dashed and dotted-dotted-dashed curves correspond to the nCTEQ15, EPS09, DSSZ
and HKN07 predictions, respectively, and the red band corresponds to the nCTEQ15 nPDFs
uncertainties. As before, the isospin base line has been shown (dashed curve) so that the
antishadowing area can be easily distinguished. As can be seen, although the EPS09, DSSZ,
and HKN07 predictions are in good agreement with each other, the nCTEQ15 has significant
deviations from them, especially in smaller values of pγT. Overall, the EPS09, DSSZ, and
HKN07 predictions are placed below the nCTEQ15 prediction in all values of pγT, and are
not even within the error band of nCTEQ15 at pγT < 20 GeV. According to the results
obtained, one can simply conclude that the measurements of such quantities at the LHC in
appropriate kinematics regions can be really a useful tool in order to accurately determine
the antishadowing nuclear modification.
As mentioned before, another important source of the theoretical uncertainties arises
from the variation in the renormalization, factorization and fragmentation scales. In all
calculations presented so far, we chose µ = M = MF = p
γ
T. However, it is also of interest
to study the changes in the results due to scale variations. Actually, it can demonstrate
the effects of higher order calculations and answer to this question that the definition of
quantities like the ratio of nuclear cross sections for different rapidity regions Rγη , to what
extent can resolve the lake of higher order calculations? In this regard, we choose again the
third panel of Fig. 10 and recompute Rγη using nCTEQ15 nPDFs, but this time by setting
all scales to be equal and varying them by a factor of 2 around the central value (pγT).
Fig. 16 shows a comparison between the nPDFs and scale uncertainties in Rγη as a function
of pγT at
√
s = 8.8 TeV and for rapidity region η4/η1. The filled red and hatched green bands
represent the nPDFs and scale uncertainties, respectively. Note that the black solid curve
corresponds to the results obtained using the nCTEQ15 central set. The ratios to the
nCTEQ15 central prediction have also been shown in the bottom panel. As can be seen,
the nPDFs uncertainties are dominant rather than scale uncertainties almost in all ranges of
pγT, except for smallest values where the scale uncertainties become very large. This figure
clearly demonstrates that the definition of quantities like Rγη can significantly reduce the
scale uncertainties so that they can be of order of a few percents in some kinematics regions
and then negligible compared with the nPDFs uncertainties.
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V. SUMMARY AND CONCLUSIONS
The prompt photon production in hadronic collisions has been an interesting subject of
research more than three decades, since it provides a powerful tool for testing perturbative
QCD and brings useful information on the gluon PDF and also its nuclear modification.
Because of the lake of experimental data containing nuclei in initial state compared with
the case of free nucleon which are suitable for using in a global analysis, our knowledge
of nuclear modifications of parton densities is not so well as PDFs. In this work, we per-
formed a comprehensive study of the isolated prompt photon production in p-Pb collisions
at backward rapidities to find how its measurements can put constraints on the antishadow-
ing nuclear modification of gluon PDF. In this regard, we calculated and compared various
quantities, including the nuclear modification ratio, the rapidity and energy normalized nu-
clear modification ratios, and the ratio of nuclear cross sections for different rapidity regions
and also different values of center-of-mass energy covered by the LHC to realize which one
is most useful. For the case of nuclear modification ratio RγpPb, we found that as the ab-
solute value of rapidity increases in backward direction, it moves from the shadowing area
to antishadowing and then the EMC effect. We showed that among center-of-mass energies
√
s = 2.76, 5.02, 8.8 TeV, the best one for constraining antishadowing nuclear modification
using RγpPb is the lowest one. Furthermore, at this energy, among different kinematic regions
of photon pseudorapidity, the best regions are −2 < ηγ < −1 and −3 < ηγ < −2. For
the case of rapidity normalized nuclear modification ratio Rγη , we demonstrated that as the
value of center-of-mass energy increases, it shows somewhat more sensitivity to antishadow-
ing nuclear modification, so that the best kinematic regions for constraining antishadowing
are η3/η1 and η4/η1 for
√
s = 8.8 TeV. Meanwhile, we found that measuring Rγη at lower
center-of-mass energy
√
s = 2.76 TeV and rapidity region η5/η1 can be also used for con-
straining the EMC effect nuclear modification. Then, we calculated the ratio of nuclear cross
sections for different rapidity regions Rγη at various energies. We found that the sensitivity
of this quantity to antishadowing nuclear modification is decreased as the bins with higher
value of absolute rapidity are considered. We indicated that Rγη and Rγη have almost similar
behavior, but the curves in Rγη are shifted downward. However, the sensitivity of R
γ
η to the
antishadowing nuclear modification is almost the same size of Rγη . Therefore, we concluded
that measuring Rγη is experimentally preferable rather than Rγη since there is no need to
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measure the pp cross sections with the same
√
s. For the case of energy normalized nuclear
modification ratio Rγs , we show that it is sensitive to the shadowing nuclear modification
at regions with smaller values of absolute rapidity. However, as the rapidity increases in
backward direction, Rγs becomes more sensitive to the antishadowing nuclear modification,
so that the best kinematic regions are −4 < ηγ < −3 and −5 < ηγ < −4. Moreover,
we found that with increasing energy in numerator of Rγs , its sensitivity to the shadowing
and antishadowing nuclear modifications at smaller and larger values of absolute rapidity,
respectively, is intensified in both cases. Finally, we calculated the ratio of nuclear cross
sections at different energies Rγs and found that it behaves to a large extent as Rγs , though
its magnitude is quite different. To be more precise, it can be used for constraining the
shadowing and antishadowing nuclear modifications at smaller and larger values of absolute
rapidity, respectively. However, we confirm that its measurement in backward direction and
at higher values of absolute rapidity and transverse momentum is experimentally preferable
rather than Rγs for constraining the antishadowing area, since there is no need to measure
the pp cross sections with the same
√
s. We also presented a comparison between various
nPDFs and also studied the theoretical uncertainties due to the nPDFs uncertainties and
scale variations. We showed that, for Rγη as an example, the EPS09, DSSZ, and HKN07
predictions are in good agreement with each other, but the nCTEQ15 has significant devia-
tions from them, especially in smaller values of pγT. We concluded that the measurements of
such quantities at the LHC in appropriate kinematics regions can be really a useful tool in
order to accurately determine the antishadowing nuclear modification. Moreover, we demon-
strated that the nPDFs uncertainties are dominant rather than scale uncertainties almost in
all ranges of pγT. We confirm that the definition of quantities like R
γ
η can significantly reduce
the scale uncertainties, so that they can be of order of a few percents in some kinematics
regions and then negligible compared with the nPDFs uncertainties.
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FIG. 1. A comparison between the nuclear modifications of the gluon PDF in a Pb-nucleus with
their uncertainties from the nCTEQ15 [28] (blue solid), EPS09 [26] (red dashed), DSSZ [27] (green
dashed-dotted) and HKN07 [24] (pink dotted) at Q2 =1000 (top panel) and 10000 (bottom panel)
GeV2.
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FIG. 2. The nuclear modification ratio RγpPb as a function of p
γ
T for p-Pb collisions at
√
s = 2.76 TeV
and five different rapidity regions in backward interval −5 < ηγ < 0, with no nuclear modifications
in the PDFs (blue dashed curve) and using the nCTEQ15 [28] nuclear modifications (red solid
curve).
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FIG. 3. Same as Fig. 2, but for
√
s = 5.02 TeV.
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FIG. 4. Same as Fig. 2, but for
√
s = 8.8 TeV.
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FIG. 5. The rapidity normalized nuclear modification ratio Rγη defined in Eq. 6 as a function of pγT
at
√
s = 2.76 TeV and different rapidity regions, with no nuclear modifications in the PDFs (blue
dashed curve) and using the nCTEQ15 [28] nuclear modifications (red solid curve).
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FIG. 6. Same as Fig. 5, but for
√
s = 5.02 TeV.
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FIG. 7. Same as Fig. 5, but for
√
s = 8.8 TeV.
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FIG. 8. The ratio of nuclear cross sections for different rapidity regions Rγη defined in Eq. 8 as a
function of pγT at
√
s = 2.76 TeV, with no nuclear modifications in the PDFs (blue dashed curve)
and using the nCTEQ15 [28] nuclear modifications (red solid curve).
34
0 10 20 30 40
0
0.5
1
1.5
2
R
ηγ
Isospin
nCTEQ15
0 10 20 30 40
0
0.5
1
1.5
2
0 10 20 30 40
0
0.5
1
1.5
2
0 10 20 30 40
pT
γ
 (GeV)
0
0.5
1
1.5
2
η2/η1 η3/η1
η5/η1η4/η1
√s  = 5.02 TeV
FIG. 9. Same as Fig. 8, but for
√
s = 5.02 TeV.
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FIG. 10. Same as Fig. 8, but for
√
s = 8.8 TeV.
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FIG. 11. The energy normalized nuclear modification ratio Rγs,1 defined in Eq. 9 as a function of
pγT at different rapidity regions, with no nuclear modifications in the PDFs (blue dashed curve)
and using the nCTEQ15 [28] nuclear modifications (red solid curve).
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FIG. 12. Same as Fig. 11, but for Rγs,2.
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FIG. 13. The ratio of nuclear cross sections at different energies Rγs,1 defined in Eq. 10 as a function
of pγT at at different rapidity regions, with no nuclear modifications in the PDFs (blue dashed curve)
and using the nCTEQ15 [28] nuclear modifications (red solid curve).
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FIG. 14. Same as Fig. 13, but for Rγs,2.
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FIG. 15. The ratio of nuclear cross sections for different rapidity regions (η4/η1) R
γ
η defined in
Eq. 8 as a function of pγT at
√
s = 8.8 TeV, with no nuclear modifications in the PDFs (dashed) and
using the nCTEQ15 (solid), EPS09 (dotted-dashed), DSSZ (dotted-dashed-dashed) and HKN07
(dotted-dotted-dashed) nuclear modifications. The red band corresponds to the nCTEQ15 nPDF
uncertainties.
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FIG. 16. A comparison between the nPDFs and scale uncertainties in Rγη (see Eq. 8) as a function of
pγT at
√
s = 8.8 TeV and for rapidity region η4/η1. The black solid curve corresponds to the results
obtained using the nCTEQ15 central set. The filled red and hatched green bands represent the
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